Numerical simulation of nonlinear interactions between water wave and coastal structures is performed using a high-order difference method. In the model, a multiphase flow model based on the Navier-Stokes equations using a constrained interpolation profile (CIP) method for the flow solver is used to estimate wave-structure interactions. A more accurate interface capturing scheme, the VOF/WLIC scheme (WLIC: weighed line interface calculation), is adopted as the interface capturing method. Water wave interacting with submerged breakwater is computed and compared with available experiments. Main attentions are paid to the wave profile and velocity-pressure domain. Comparisons with experimental date show good agreements. It is demonstrated that the proposed model is capable of reproducing the nonlinear flow phenomena and capture the complex free surface flow accurately.
Introduction
Submerged breakwaters are becoming more popular as a potential alternative to coastal protection measures where a moderate degree of wave damping and energy transmission is acceptable. A submerged breakwater is an effective wave control structure with advantages in terms of substantial wave attenuation, seawater exchange, natural coastal landscape, and construction costs less environmental impacts. A better understanding of these complicated mechanism processes with air-water-structure interaction is of extremely importance from the viewpoint of coastal disaster prevention.
Over the past several decades, numerous studies have been carried out on the wave interaction with submerged structures by theoretical analysis, laboratory and field experiments, and numerical model. For the theoretical analysis, one usually uses several basic equations based on certain assumptions to simplify the problems, which strongly restrain them to certain idealized cases. Laboratory and field experiments are preferred in some investigation because of the reproduction of the phenomena. Meanwhile, numerical investigation is crucial in the prediction and evaluation of the wave transformation over a submerged breakwater, with the advance of computer performance and the development of higher-order numerical schemes.
The purpose of this study is to extend the CIP-based method for simulating solitary wave and submerged structure interactions. In this study, a multi-phase flow model, which solves the flow in the air, water and solid simultaneously, has been developed for modeling the freak wave related phenomena. In the remainder of this paper, the CIP-based model is briefly described in section 2. In section 3, the numerical model is validated by simulating several wave-structure interactions. Comparisons with theoretical solutions and experiments are also presented for discussions. The article closes with some general conclusions on the present work and some considerations for possible future work.
The CIP-based model
Two-dimensional incompressible Navier-Stokes and continuity equations are employed. The governing equations are expressed as 0
where u and t are the velocity vector and time, respectively; F is the external force, including gravitational force; and ρ and μ are density and viscosity, respectively. Following Zhao and Hu (2012) , the governing equations are discretized using a high-order finite difference method on a Cartesian grid system. A fractional step scheme is used to solve the N-S equations. The intermediate velocity is computed by the CIP method (Yabe et. al., 2001) first; then a pressure is obtained by solving the Poisson equation derived by enforcing the continuity constraint; and the final velocity is updated by simple algebraic operations. More details can be found in previous papers (Zhao and Hu, 2012) .
A more accurate interface capturing scheme, the VOF/WLIC scheme (Yokoi, 2007) is used to calculate the free surface. The VOF/WLIC scheme is also a VOF (Hirt and Nichols, 1981) type method. In the WLIC method, the interface is reconstructed by taking an average of line interfaces along x and y coordinates with the weights calculated from surface normal. More details can be found in Yokoi (2007) .
Numerical results

Solitary wave passing over a step
The simulation of a solitary wave passing over a step is performed by the present CIP-based model. Fig. 1 shows the wave flume with a length of 24 m and a still water depth of 0.2 m, while the shallow water depth at the step is 0.1 m. The initial amplitude-depth ratio H/d0 is set to 0.1825. Four wave gauges are placed at x= 6m, 9m, 12m and 15m to measure the wave profiles along the wave flume. The computational domain is discretized by 1,425 uniform cells in the x direction, giving the minimum ∆x=0.01m. In the vertical direction, a fine grid ∆z=0.002m is set near the free surface and the step. The wave elevations at different positions are compared to those reported by Liu and Cheng (2001) and shown in Fig. 2 . In our simulations, both methods, the original VOF method and the VOF/WLIC method for the free surface capturing, have been used in the solitary wave passing over a step problem. The experimental results from SeabraSantos et al. (1987) are also presented for comparison. Generally, all predicted results agree well with laboratory measurements near the step edge, i.e. x=6m and x=9m in Figure 3 (a) and (b). For other positions x=12m and x=15m, phase differences could be found for all the numerical modeling. The predicted profile is over-estimated than the experimental data. The wave profile oscillation can be noticed clearly when the original VOF is used for free surface treatment. When combining VOF/WLIC, the amplitude, the phase difference has increased. The VOF/WLIC in our CIP-based model gives better estimates and depicts the better agreement with experimental results. In the following sections, the VOF/WLIC method will be used for free surface treatment. The CIP-based model is used to simulate the scattering of a solitary wave by a mild shelf. As depicted in Fig. 3 , the incident solitary wave passes a channel of constant depth d0, climbs a mild slope, and propagates onto a shelf of constant but smaller depth d1 (Li et. al., 2012) . The beach slope is 1:20. Four wave gauges are placed at xa=1. 5936m, xb=2.762m, xc=3.651m, and xd=4.5146m to record the surface profile at these positions. In the computation, the total number of grids is 675×123 with a non-uniform minimum spacing of 0.0002m vertically and 0.01m horizontally, respectively. Madsen and Mei (1969) for the time series of free surface profile at four specified positions along the flume. In general, the present numerical results agree better with the experimental data than that of the theoretical profiles. Note that when the wave climbs up the slope, the CIP-based model simulated wave crests are much lower than that of the analytical solutions (Fig. 4 (c) and (d)), which more closely follows the laboratory measurements. This can be explained that the viscous damping was definitely neglected in the theoretical solutions but included in the laboratory measurements. Fig. 5 depicts the evolution of wave profiles and the corresponding pressure fields. Before the solitary wave approached the shelf, the wave amplitude remained unchanged in the constant water depth. As it climbed the slope, the wave front became sharper as shown in Fig. 5(b) . During its propagation on the shelf, the wave profile is found to be more peaked and a hump of smaller height appears at the rear and gradually travels behind the main wave. At a later stage, the solitary wave spitted into two individual solitons ranked in order of the decreasing amplitude and followed by a small dispersive tail. This observation is consistent with the experimental results of Madsen and Mei (1969) . When solitary wave propagates over a submerged breakwater, the flow fields near the backward face of the breakwater are unsteady owing to the flow separation and vertex generation. This has been studied by many researchers through experiments and numerical models (Zhuang and Lee, 1996) . This problem also is a good test for the numerical validation to reproduce the velocity field caused by interaction of a solitary wave passing over a submerged structure. For this point, we perform this simulation to verify the capability of our model to compute the velocity under extremely nonlinear and unsteady flow conditions. The numerical result obtained by the present model is compared with the experimental data and the calculation results from a previous study by Zhuang and Lee (1996) . The experiment was performed by Zhuang and Lee (1996) , and the organization of the experiment is shown in Fig. 6 . A solitary wave with initial amplitude of H=0.069m is imposed at the left boundary. The still water depth is h=0.228m. The rectangular obstacle has the height of D=h/2=0.114m and length of L=0.381m. Zhuang and Lee (1996) provided LDV measurements of horizontal and vertical velocity components at two fixed locations (point 1 and point 2) shown in Fig. 6 . The two points are at the same horizontal plane 0.034m downstream from the shoreward side of the submerged obstacle. Point 1 is located 4cm above the seabed and Point 2 is 1.72 cm higher in the same vertical direction. To simulate this problem, a uniform mesh ∆x = 0.005 m and ∆z =0.002m is used for computations.
The time series of horizontal and vertical velocities at two points, P1 and P2, behind the submerged obstacle calculated by the model are depicted in Figure 8 . For comparison, the experimental results, the potential theory solutions and the numerical results by Zhuang and Lee (1996) are also plotted. The solid line signifies the present numerical results, the dot dash line represents the potential theory solutions, the dash line gives the numerical result of Zhuang and Lee (1996) and the symbols ○ shows the measured experimental results. It is obvious in Figure 8 that the potential theory solutions deviate from the experimental data, which due to that the potential theory cannot accurately reproduce the vortex generation around the obstacle. Meanwhile, the numerical results by the present model and viscous rotational model of Zhuang and Lee can show the overall tendency of variations of velocities and have relative good agreement with the experimental data. In more details, the present model is more accurate than the viscous rotational model of Zhuang and Lee (1996) . Zhuang and Lee (1996) , and the experimental data. 
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1/2 Fig. 8 shows the transient velocity vector field and the corresponding free surface position at several instant times with the interval of 0.3s. We can see the vortex development during the process of the solitary wave passing over the obstacle. As the solitary wave approaches the obstacle, flow separation and vortex generation near shoreward face of the breakwater are observed. With the wave passing above the obstacle, the vortex is stretched in the downstream direction. As the solitary wave passes over the obstacle, a vortex develops behind the obstacle. Also it can be noticed that the turbulence level of vortex around the leeside is smaller than that behind the obstacle. 
Conclusions
In this work, we apply a multiphase flow model based on the N-S equations with the CIP method and VOF/WLIC free surface capturing method to simulate solitary wave deformation over submerged structures. Different shapes of submerged structures are used to check the applicability of the presented model in handling with different solid boundaries. Solitary wave are chosen to investigate the ability of the numerical model in simulating from linear to extremely nonlinear wave transformation and interaction with submerged obstacles. The comparisons show acceptable agreement between the present model and experiment data in terms of free surface profiles and water velocities. Specifically, the model ability to capture complex free surface profile with the existence of complicated vortex and flow separation near the corners of submerged obstacles is revealed. Therefore, the present model proves to be a promising numerical model in simulating the wave deformation over submerged breakwaters with acceptable accuracy.
